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Magnet performance assessment 

Example: LBNL – HD2 
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Cable? 

Performance is mainly judged from extracted strand data: What is Ic(B,T,ε) ? 
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Parameterizations: Ic(B,T,ε) 

Ic scaling vs. B, T, ε 
• Separation of parameters: 

FP = Jc(B,T,ε) × B 

     = C g(ε) h(t) fP(b) 

•  t = T/Tc, b = B/Bc2 

– Tc and Bc2 are effective values 

•  g(ε) = some function of strain 
– Common: g(ε) = s(ε) ≡ Bc2(ε)/Bc2m 

Magnetic field dependence 
• FP = C g(ε) h(t) fP(b) 
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Godeke et al., Supercond. Sci. Techn. 19, R100 (2006) FP ∝ b0.5(1 – b)2 
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Parameterizations: Ic(B,T,ε) 

Temperature dependence 
• FP = C g(ε) h(t) fP(b) 

•  Bc2(t)/Bc2(0) = MDG(t) ≈ 1 – t1.52 

General form 
•  h(t) ∝ Bc2(t)ν / κ1(t)γ = Bc2(t)(ν – γ) Bc(t)γ 

•  h(t) ∝ Bc2(t) Bc(t) 

•  h(t) = MDG(t)(1 – t 2) 
       ≈ (1 – t 1.52)(1 – t 2) 
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Godeke et al., Supercond. Sci. Techn. 19, R100 (2006) 

Godeke et al., J. Appl. Phys. 97, 093909 (2005) 

FP ∝ MDG(t) (1 – t 2) 
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Parameterizations: Ic(B,T,ε) 

Resulting relations 
• FP = C g(ε) h(t) fP(b) 

•  Ic(B,T,ε) B = C s(ε) MDG(t) (1 – t 2) b0.5(1 – b)2 

Mathematical re-hash: Godeke, Mentink, et al., IEEE Trans. Appl. Supercond. 19, 2610 (2009) 

  Ic(B,T,ε) = C’ (1 – t 2) b–0.5(1 – b)2 

with 
•  t = T/Tc(0,ε)    b = B/Bc2(T,ε) 
•  Tc(0,ε) = Tcm(0) s(ε)1/3  Bc2(T,ε) = Bc2m(0) MDG(t) s(ε) 

     (= Bc2m(0) (1 – t 1.52) s(ε)) 
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To what extend does the community agree? 
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Consensus within ITER (Mandated) 

Independent, objective comparison of alternatives 

Achievable STD across entire space on wires = 3 ÷ 5% 
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Selection was made. What about the strain function s(ε)? 

# Par. 

10 – 14 
4 

13 – 17 

7 

9 – 12 

9 

Bottura and Bordini., IEEE Trans. Appl. Supercond. 19, 1521 (2009) 
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What does strain do? 

Composition effects on Bc2(T) 

•  Leads to averaged, effective Bc2(T ) 

Strain effects on Bc2(T) 
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Strain	
Less Sn	


Jewell et al., Adv. Cryo. Eng. 50B, 474 (2004) Godeke et al., Supercond. Sci. Techn. 16, 1019 (2003) 

Why does strain affect Bc2(T )? 
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Fundaments of strain dependence 

Strain modifies 
•  Lattice vibration modes (phonons) 
•  Electron-phonon interaction spectrum 
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Strain free value 
Hydrostatic (1st inv) 

Symmetric (2nd inv) 
non-hydrostatic 
Asymmetric (3rd inv) 
non-hydrostatic 

Markiewicz, Cryogenics 44, 676 and 895 (2004) 
Markiewicz, Trans. Appl. Supercond. 15, 3368 (2005) 

Can this be simplified while retaining physics and 3D? 
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A 3D based, axial s(ε) for wires 

From strain energy function 
• All invariants 

In axial form for wires: 

• Without loss of accuracy: 
•  Ca2 = 1034 × Ca1 

•  3 fit parameters: Ca1, ε0,a, εm 

•  3D form to be validated 

Comparison to measurement 
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Arbelaez et al., Supercond. Sci. Techn. 22, 025005 (2009) 

Why the emphasis on 3D? 
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Multi-scale model development 

3D strain state at the filaments for applied macro-scale loads 
• Arbelaez et al., EUCAS 2009 
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Coil Cable Strand RRP 
Filament 

But, for now, only 1D is feasible 
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1 D strain states in systems 

Ballpark axial strain states in Nb3Sn fractions 
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Wire: Nb3Sn in Cu 

εa = – 0.35% 

Wire on ITER barrel 

Ti-6Al-4V: εa = – 0.2% 
SS: εa = – 0.3% 

Cable in SS holder 

εa = – 0.3% 

Cable in magnet 

Loaded iron enclosure 
with Ti-6Al-4V poles 

εa = – 0.2% ? 
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wire is usually in tension relative to the free-standing wire at 4.2 K. This increase in tension 

can be ~ 0.1% increase in strain at 4.2 K, due to the differential contraction of the Ti-Al-V 

barrel and the wire.  

Table III 

THERMAL CONTRACTION FROM R.T. TO 4.2 K (OR10 K) 

 

 

Although the standard test barrel has a Ti-Al-V alloy similar to the “ITER”-barrel, 

strands can also be tested on barrels using different materials for the center section over 

which the Ic is measured. (The “ITER-barrel” is the standard barrel used for testing Nb3Sn 

wires. Sometimes it is referred to as a VAMAS–type barrel.) The barrel diameter is 32 mm 

which is grooved with a pitch length of 3.2 mm. Fig. 3 shows holders having center 

sections made from Ti-alloy, 304 stainless steel and G-10. For this comparison, an 

extracted strand from Cable B0942R was reacted on a 15 cm long Ti-alloy reaction barrel 

and sections of 12 turns were then separately measured on four different holders. The 

fourth holder also has a stainless steel section, to which the strand is soldered.  

 

Fig. 1 Sample Ic-Measurement test barrels.  

From top to bottom: SS (soldered wire), SS, G-10 and Ti-6Al-4V 

 

Table IV below summarizes the critical currents measured for the same strand on 

four different sample holders. The Ic measured on the Ti-barrel is almost identical to the 

previous measurements of the same strand from previous heat-treatment cycles shown in 

Table I and II. The change in Ic relative to the “standard” Ti-barrel is shown in Table V. 
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Table IV 

SUMMARY OF CRITICAL CURRENT MEASUREMENT 

 

Table V 

CHANGE IN IC RELATIVE TO THE TI-ALLOY BARREL. THE STRAIN DIFFERENCE IS CALCULATED 

FOR THE CASE WHERE FOR THE SAMPLE ON THE TI-ALLOY HOLDER, !_M= - 0.2% 

 

The difference in Ic between the standard barrel and that made with either G-10 or 

stainless steel is ~ 10%. This is similar to what has been observed earlier for lower Jc 

Internal-Sn wires tested on Ti-alloy and G-10 barrels [3]. However, when the wire is 

soldered to a SS barrel, the differential thermal contraction occurs over a larger temperature 

range from the melt point of the solder to 4.2 K. Hence the strain compressive strain 

increases by almost a factor of two, thereby further depressing the critical current.  

Table VI 

SCALING PARAMETERS FOR THE SAMPLE MEASURED ON THE STANDARD TI-ALLOY BARREL 

WITH DIFFERENT !_M 

 

 

The difference in strain state of the wire on different barrels relative to the Ti-barrel 

can be estimated by using any appropriate strain-scaling models. In the past we have used 

the parametric scaling representation of flux-pinning proposed by Summers et al. [4], 

which is fairly accurate in the strain regime that is of interest here. However, in this note 

the Deviatoric strain scaling model developed by Arno Godeke [5] is used to fit the data to 

the Ti- alloy barrel measurements. The scaling parameters are shown in Table VI for 

different !_m to illustrate the sensitivity to this parameter. The Tc is taken from the 

susceptibility measurement of this wire shown in Fig. 1.Then, using the same parameters as 

Iron              -0.2% 

Ghosh, BNL report MDN-657-39 (2009) 

Ghosh, BNL report MDN-657-39 (2009) 
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From strand (via cable) to magnet 

Ic results for extracted strands on Ti-alloy barrels 
• Self-field correction required 

– Why? 

– How much? Kashikhin, unpublished 
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Applied field [ T ] Measured Ic [ A ] Total field [ T ] 
12.0 571 12.32 
11.0 693 11.39 
10.0 836 10.47 

0.584 mT/A 
0.555 mT/A 

0.483 mT/A 
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Parameterization of XS data 
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Bapplied [T] Btotal [T] Ic-meas Ic-calc 
11.5 11.85 628 625 
11.0 11.39 693 691 
10.5 10.92 761 762 
10.0 10.47 836 838 
9.5 10.01 916 919 
9.0 9.56 1003 1007 
8.0 8.67 1205 1199 

Parameter Value Determined 
Ca1 [ T ] 48.6 From strain data 
ε0,a [ % ] 0.222 From strain data 
Bc2m(0) [ T ] 27.3 Fitted to data 
Tcm(0) [ K ] 16.7 Chosen if unknown 
C [ AT ] 54809 Fitted to data 
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From XS to cable 

Comparison of strand scaling and SF corrected cable data 
• Cable has additional – 0.085% axial strain compared to XS 
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Ambrosio, MT21, LQ paper 

1.87 K 

4.33 K 

What is the SS for the magnet? Closest strain match (barrel?)  
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From XS to magnet 

Coil performance compared to XS parameterization 
• XS scaling based on 4.2 K barrel data and estimated Tcm(0) = 16.7 K 
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TQS03a = 93% at 4.3 K 
 = 93% at 1.9 K 

Felice, EUCAS 2009 TQ paper 

Absolute value SS unkown (strain) 
Gain at 1.9 K is accurately predicted 
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Minimum required XS dataset 

What is the minimum data required to fully parameterize an XS? 
•  Ic(B) at 4.2 and, say, 12 K 

– Provides Bc2(4.2 K) and Bc2(12 K) 
– …and thus Bc2(0,εx) and Tc(0,εx) 

•  Ic(ε) at, say, 12 T and 4.2 K or 12 K 
– Provides εx, Ca1 (slope), and ε0,a (peak rounding)  
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!"
#"
$!"
$#"
%!"
%#"
&!"

!" #" $!" $#" %!"

'(
)*
+,
)"
- *

%.
/0
"1"
/"
2"

/)34)56785)"1"9"2"

!"

#!!"

$!!"

%!!"

&!!"

'!!"

(!!"

)#*'+" )!*'+" !*'+"

,-
./
01
2"0
3-
-4
56
"7"
8
"9"

:;-<12.=4>"?6-1.5"7"+"9"

4.2 K, 12 T 

εx 

Ic(4.2K, 12T) 

Ca1 

ε0,a 

Only limited data is needed.  
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Summary 

Emerging consensus on scaling relations 
• Powers of temperature dependence still argued 
•  ‘Latest greatest’ 3D strain model needs 3D verification 
• All is scaled axially, due to unknown 3D strain state of Nb3Sn 

Models can reasonably explain differences XS – cable – magnet 
• Different strain state cable vs. XS very plausible 
•  3D mechanical modeling lacking 
•  Limited SS measurements required to map Ic(B,T,ε) 
• Absolute prediction (why 93%?) remains inaccessible (3D strain) 
• Relative changes can be truly predictive 
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